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Abstract
Supported 3D hierarchical nanostructures of transition metal oxides exhibit en-
hanced photocatalytic performances and long-term stability under working con-
ditions. The growth mechanisms crucially determine their intimate structure,
that is a key element to optimize their properties. We report on the formation
mechanism of supported Co3O4 hierarchical sea urchin-like nanostructured cata-
lyst, starting from Co-O-B layers deposited by Pulsed Laser Deposition (PLD).
The particles deposited on the layer surface, that constitute the seeds for the
urchin formation, have been investigated after separation from the underneath
deposited layer, by X-ray diffraction, X-ray absorption spectroscopy and scan-
ning electron microscopy. The comparison with PLD deposited layers without
O and/or B indicates a crucial role of B for the urchin formation that (i) limits
Co oxidation during the deposition process and (ii) induces a chemical reduction
of Co, especially in the particle core, in the first step of air annealing (2 h, 500
◦C). After 2 h heating Co oxidation proceeds and Co atoms outdiffuse from the
Co fcc particle core likely through fast diffusion channel present in the shell and
form Co3O4 nano-needles. The growth of nano-needles from the layer beneath
the particles is prevented by a faster Co oxidation and a minimum fraction of
metallic Co. This investigation shows how diffusion mechanisms and chemical
effects can be effectively coupled to obtain hierarchical structures of transition
metal oxides.
1. Introduction
Composites based on hierarchical nanostructures of transition metal oxides
are very promising materials for various photocatalytic applications, including
degradation of pollutants, H2 production and CO2 reduction [1, 2]. Their pecu-
liar structure boosts light scattering and harvesting, largely increases the surface5
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area and can improve the diffusion of reactant molecules, further enlarging the
accessible photocatalyst active area [1, 3]. With respect to hierarchical na-
nostructures in form of powder, supported hierarchical nanostructures do not
suffer from agglomeration and during operation are not dispersed in the envi-
ronment. This offers a great practical advantage, allowing reuse and operation10
under continuous flow [4, 5, 6]. The control of the hierarchical morphology is a
key element to optimize the catalytic performance [7]. The growth of nanowires,
nanopetals and nanoneedles of transition metal oxide can be effectively indu-
ced by thermal oxidation of a metallic (or not completely oxidized) structure
[8, 9, 10]. Despite the number of papers published on the subject, the details15
of the formation process of 3D hierarchical nanostructures are not completely
unveiled, especially when thermal diffusion and chemical reactions are both ope-
rating to promote nanostructuring of a preexisting system. The formation of
Co-oxide nanowires and nanopetals from metallic Co by oxidizing annealing
(350-520 ◦C) has been suggested to be related to the melting of a thin surface20
layer (formed of metallic Co or CoO), favoring oxygen dissolution in the liquid
and the subsequent precipitation [11, 12, 13]. While the mobility of the sur-
face (ad)atoms can be important even at low temperature, the hypothesis of a
lowering of more than 1000 K of the melting point of the surface layer should
deserve further experimental proof. In some other cases, the growth of nano-25
needles forming urchin-like nanostructures of transition metal oxides (α-Fe2O3)
has been explained as a selective directional growth via inter-diffusion of oxygen
and metal atoms from the metallic core of the particle [9]. Certainly, in presence
of more than one oxidizable species, the enthalpy of formation of the different
oxides involved has to be taken into account, also considering that in principle30
the chemical oxidation of one species can determine the chemical reduction of
the other.
We have recently shown that supported Co3O4 3D sea urchin-like nanostructu-
res, formed by pulsed laser deposition of Co-O-B layers upon heating in air [4],
exhibit an enhanced photocatalytic activity for degradation of methylene blue35
dye. They also show an exceptional long-term stability, largely superior to si-
milar systems prepared by hydrothermal route [4]. Starting from this promising
photocatalytic result, we address here a full structural investigation to unveil
the complex growth mechanism of these 3D hierarchical nanostructures. The
results presented are based on scanning electron microscopy, X-ray diffraction40
and X-ray absorption spectroscopy, allowing to get a full picture on both the
amorphous and crystalline phases involved in the growth process [14, 15, 16, 17].
The investigation of both the full deposited layer and separately of the surface
particles that constitute the seed for the urchins formation allowed to shed light
on a complex growth process, showing how diffusion mechanisms and chemical45
effects can be effectively coupled to obtain hierarchical structures of transition
metal oxides.
2
2. Experimental and data analysis
Co-O-B layers were deposited on glass substrates by Pulsed Laser Depo-50
sition (PLD), using cold-pressed pellets of Co-B powder as the target, room-
temperature and an O2 atmosphere. The precursor Co-B powder was synthe-
sized according to literature [18]. PLD was carried out using a KrF excimer
laser (Lambda Physik) at an operating wavelength of 248 nm, pulse duration
of 25 ns, and repetition rate of 20 Hz. The laser fluence was set at 3 J/cm255
and target-to-substrate distance at 4.5 cm. A more detailed description of the
PLD deposition apparatus is reported elsewhere [19]. The PLD chamber was
evacuated up to a base pressure of 10−6 mbar prior to the deposition, a reactive
O2 atmosphere (pressure of 4.5 x 10
−2 mbar) was then kept constant during
the experiment. The same conditions were employed for Co-O layers PLD de-60
position (’Co-O layer’), with the exception of the target, which in this case was
a pure (Sematrade, 99.9%) metallic Co disk. In the case of Co coatings, the
target was a a pure (Sematrade, 99.9%) metallic Co disk and deposition was
performed in vacuum at the baseline pressure.
PLD deposition promoted the formation of an uniform deposited layer with nes-65
tled spheroidal particles in a wide range of size, from 10 nm to few micrometers
[4]. The deposited layers were annealed in air in a tubular oven at 500 ◦C for
definite time intervals up to 4 hours. The structural investigations where first
carried out on the obtained full layers. Then, each layer was covered with a
commercial liquid polyurethane (NOA61 from Norland, labelled ’NOA’ in the70
following) and after UV-induced polymerization, the polymer was peeled off
from the substrate. During this procedure, as sketched in Figure 1, part of the
spheroidal particles remains embedded in the NOA polymer. In this way they
could easily be handled and characterized. In the following, the PLD deposited
layers are named ’full layers’, while the urchins and the spheroidal particles em-75
bedded in the NOA polymer are named ’particle layer’.
Scanning Electron Microscopy (SEM) measurements were carried out with a
full layer particle 
layer
peeling
polymeric 
capping
Figure 1: (Color online) Sketch of the procedure used to separate the Co-O-B particles from
the underneath Co-O-B deposited layer.
Zeiss Sigma HD SEM, equipped with InLens, Secondary Electrons (SE) and
Backscattered Electrons (BSE) detectors for the imaging, with a spotsize of 1
nm. Energy Dispersive X-ray spectroscopy (EDX-SEM) was performed by re-80
cording the fluorescence emission from the samples. The EDX system was an
INCA x-art by Oxford, equipped with a Silicon Drift Detector with a nominal
3
resolution of 129 eV at 5.9 keV.
Grazing Incidence X-Ray Diffraction (GIXRD) spectra were collected with a
X’Pert Pro diffractometer (incidence angle = 1 deg), using the Cu Kα radia-85
tion. The GIXRD analysis was performed by using the MAUD software [20].
Co K-edge X-ray absorption spectroscopy (XAS) experiment (both EXAFS-
Extended X-ray Absorption Fine Structure and XANES-X-ray Absorption Near-
Edge Structure) was performed at the Italian beamline BM08 of the European
Synchrotron-ESRF (Grenoble, F). The monochromator was equipped with a90
couple of Si (311) crystals, working in dynamic sagittal focusing configuration.
A couple of Pd-coated mirrors (incidence angle = 3.6 mrad) were used to reject
harmonics and to vertically focus the x-ray beam on the sample. XAS spectra
were measured at room temperature in fluorescence mode by a 12-element high
purity Ge detector. XAS spectra of metallic Co foil, of crystalline powder pel-95
lets made of CoO (octahedrally coordinated Co2+), Co(C5H7O2)3 (octahedrally
coordinated Co3+) and Co3O4 were also measured in transmission mode as stan-
dard references. In all cases a reference spectrum of Co metal was recorded just
before and just after each spectrum, to ensure a correct energy calibration (the
maximum of the first derivative of the Co foil absorption spectrum was set as100
7709 eV). XAS analysis was performed by using the FEFF8-FEFFIT package
[21].
3. Results
In Figure 2(a-d) the SEM images of the PLD deposited layers, annealed for105
different time intervals at 500 ◦C are shown. SEM images of two representative
layers recorded at lower magnification are reported in Figure 2(e,f). On a po-
rous layer, spheroidal particles are visible in all cases. After 1 h annealing, both
the spheroidal particles and the underneath substrate present a rough surface.
Starting from about 2 h annealing the growth of nano-needles at the surface110
of the particles (not on the layer below) is visible, that resemble microscopic
sea-urchins.
Figure 2(g) shows an example of secondary electrons SEM image of an urchin
(formed after 4 h annealing) embedded in the polymer after the peeling pro-
cedure. The urchin-like morphology is preserved inside the polymeric matrix.115
Small voids are visible in the particle core, suggesting that part of the material
outdiffused during the annealing, as also observed for specific annealing condi-
tions of similar systems [17, 22]. The signal of the backscattered electrons from
the same region is shown in Figure 2(h). In this case, brighter zones indicate
higher Z elements, so that the compositional contrast between the Co-based120
urchin (higher electronic density) and the surrounding polymer is well visible.
EDX-SEM was performed on selected spots, giving the two X-ray fluorescence
spectra shown in Figure 2(i). The red spectrum was acquired in a region where
only the NOA polymer was probed by the 10 KeV electron beam, showing the
fluorescence lines from sulfur, oxygen and carbon (the components of NOA).125
4
The black spectrum was recorded on the particle, showing in addition the cha-
racteristic lines of cobalt and confirming the presence of urchins in the polymer.
In Figure 3(a) the GIXRD spectra of the PLD deposited layers (full lay-
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Figure 2: (a-f) SEM images of the deposited full layers annealed at 500 ◦C in air for different
time intervals: (a,e) as-deposited layer, (b) 1 h-annealed layer, (c,f) 2 h-annealed and (d) 4
h-annealed layer. (g,h) SEM images of an urchin embedded in the NOA polymer after peeling,
obtained by recording the signal of (g) secondary electrons (SE) or (h) backscattered electrons
(BSE). (i) EDX-SEM spectra of NOA (red) and of an urchin embedded in NOA (black). The
black spectrum shows the fluorescence lines of Co atoms in addition to those of the NOA
components (S,O,C).
ers) annealed at 500 ◦C in air are reported for different annealing intervals, and
compared to the spectrum for the as-deposited layer. The spectrum recorded130
after 600 ◦C annealing for 4 h (complete Co oxidation [4]) is also reported for
comparison. The XRD signal from the as-deposited full layer is rather low,
indicating that the most part of the layer is amorphous. The minor crystalline
fraction arises from Co fcc and likely Co2B [23]. The air annealing promotes
a progressive crystallization. After 2 h annealing, two main crystalline phases135
are well visible, namely, Co3O4 (average crystallite size of about 15 nm) and fcc
metallic Co (average crystallite size of about 50 nm). A faint signal of CoO is
also barely visible (peak at 2θ = 42 deg). The crystallization of Co3O4 proceeds
with the annealing time and this phase constitutes the most relevant signal star-
ting from 3 h annealing (maintaining about the same average crystallite size).140
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Figure 3: (Color online) (a) GIXRD patterns for the PLD deposited full layers, heated in air
at 500 ◦C in air for the indicated time. The GIXRD spectrum of a layer annealed at 600
◦C for 4 h is also reported for comparison. The peak positions for Co fcc, Co3O4 and Co2B
are marked. (b) GIXRD patterns for peeled-off layers, obtained by Co-O-B deposited layers
annealed in air at 500 ◦C as indicated.
Conversely, the intensity of Co fcc phase increases in the first 2 h annealing and
then progressively vanishes. After 4 h annealing at 600 ◦C the only crystalline
phase detected is Co3O4. No crystalline signal related to boron oxides has been
detected in the investigated layers.
In Figure 3(b) the GIXRD spectra recorded on the particles embedded in the145
polymer are reported. Since the amount of material embedded in the polymer is
quite low, we could obtain significant diffraction patterns only for the annealed
layers. Nevertheless, as shown later on, the procedure used is effective for the
XAS analysis of the all the samples. The GIXRD spectra of the particle layers
indicate that after 2 h annealing the only crystalline signal from the spheroidal150
particles is from metallic Co, while for longer annealing intervals the fraction of
metallic Co decreases and the Co3O4 signal increases. The comparison between
the signal from the full layers and corresponding particle layers indicates that
the most part of the crystalline material is located in the layer beneath the
particles. In Figure 4 the crystalline fractions of the different phases measured155
for the full layers and for the particle layers are reported. For the full layers,
the normalization of the crystalline fraction has been done with respect to the
total diffracted signal intensity of the 4h-annealed layer. In both kinds of layers
(i.e., full layers and particle layers) the Co3O4 fraction progressively increases
with the annealing time. Nevertheless, while it represents the major crystalline160
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Figure 4: (Color online) Evolution of the different crystalline phases with the annealing time,
at 500 ◦C (solid line: full layers, dashed line: particle layers). For the full layers only, the
crystalline fraction is normalized to the crystalline signal measured after 4 h annealing.
phase after 2h heating of the full layer, it is below the detectable limit for the
particle layer. Moreover, for a definite annealing duration, the relative fraction
of metallic fcc Co is higher in the particle layer with respect to the corresponding
full layer. On the investigated crystalline part of the layer, the results suggest
that part of the Co atoms first undergo a chemical reduction (in the first about165
2 h) and then a chemical oxidation (after 2-4 h annealing).
In Figure 5 the XANES spectra measured at Co K-edge for the full layers and
for the particle layers are compared for definite annealing durations. From the
different features of the spectra, information can be obtained on the Co oxida-
tion process and oxidation state, in particular by comparison with the reported170
spectra of relevant Co-based standard compounds. Indeed, while the onset of
the photoelectric absorption is at 7709 eV for metallic Co, for Co oxides the
absorption threshold (corresponding to half of the edge jump) is progressively
shifted towards higher energy as the oxidation state increases. The small pre-
edge peak in the region ’A’ (at about 7710 eV) for Co oxides is related to a175
dipole allowed transition from the state 1s to mixed p-d orbital and is very
low for a centrosymmetric Co site (i.e., octahedral) for which p-d mixing is not
allowed. [15]. For the as-deposited particle layer the absorption spectrum (see
Figure 5(a)) is similar to the one of Co foil (see in particular the absorption
in the ’A’ region, significantly higher than for the Co-oxides), indicating that a180
relevant fraction of Co is in the metallic state. For the as-deposited full layer,
the low absorption in the ’A’ region combined with the absorption threshold
very close to the one of CoO indicate that the most part of Co is oxidized,
with oxidation state 2+. The pre-edge peak is slightly higher than for CoO,
suggesting a more disordered site (i.e., a non-centrosymmetric site) for Co ions.185
After 2 h annealing (Figure 5(b)) the absorption spectrum of the particle layer
becomes even more similar to the one of Co foil, indicating that Co atoms in
the particle layer are mostly metallic. Conversely, in the full layer Co atoms are
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Figure 5: (Color online) XANES spectra of the samples (full layers and particle layers) obtai-
ned upon annealing at 500 ◦C for (a) 0 h (as-deposited samples), 2 h (b), 4 h (c). The spectra
of Co3O4, metallic Co, CoO and Co(C5H7O2)3 are reported for comparison.
mostly oxidized, still with oxidation state 2+. After 4h annealing (Figure 5(c))
in the particle layer a fraction of metallic Co remains (the absorption coefficient190
in the ’A’ region is still higher than for Co-oxide), while the spectrum of the
full layer is the one of Co3O4 (also the pre-edge peak is very similar to the one
of Co3O4).
In Figure 6(a) the Fourier transform moduli of the EXAFS spectra for the
different samples (full layers and particle layers) are shown. They represent a195
pseudo-radial distribution function of atoms around the absorber, Co in this
case, and the contributions of the first atomic shells around the average Co
atom are visible. The spectra for Co3O4 and metallic Co are also shown.
Consider first the full layers. A first Co-O coordination is visible in all cases.
A Co-Co metallic coordination is barely visible for annealing duration less than200
2 h, and is present as a minor phase for the layer annealed for 2 h (the full
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Figure 6: (Color online) Fourier transform moduli (in the range k=3-11A˚−1) of the EXAFS
spectra for the full layers and particle layers, after different annealing times at 500 ◦C, compa-
red to the spectra of pertinent standard references (Co3O4, Co foil). The vertical lines locate
the position of the Co-Co single scattering peak for metallic Co and of Co-O peak for Co3O4.
The location of the signals from the medium range structures of metallic Co and Co3O4 are
also reported (see the Supplementary Material for details).
results are reported in the Supplementary Material). In this case, considering
that XRD detected Co clusters of several nanometers (i.e., corresponding to a
coordination number, CN, close to the bulk one), from the observed CN (Table
S1) we can roughly estimate that the fraction of metallic Co after 2 h annealing205
is ≈10-20% (see Supplementary Material). After 4 h annealing, the spectrum
is very similar to the one of Co3O4 and the intermetallic coordination is below
the detectable limit for the technique.
As far as the particle layers are concerned, the Co-Co metal coordination is
present for all the layers, from the as-deposited to the 4h-annealed one. The210
corresponding coordination number is significantly higher than for the full layer,
although still lower than the one for metallic bulk Co. The signal from the Co-O
coordination is also always visible. These findings indicate that (i) the fraction
of metallic Co is higher in the particle layer with respect to the full layer, in
9
7720 7740 7760
0.0
0.4
0.8
1.2
1.6
 Co-O-B as-deposited
Co
Co3O4
no
rm
al
iz
ed
 a
bs
or
pt
io
n 
co
ef
fic
ie
nt
energy (eV)
 Co-O as-deposited
Co deposition:
 as-dep.
 500C, 2h
CoO
Figure 7: XANES spectra of the Co-deposited layer in O2 atmosphere (’Co-O deposition’)
or in vacuum (’Co deposition’, as deposited and 2h-annealed in air). Spectra of Co-O-B
as-deposited layer and of CoO, Co3O4 and metallic Co are reported for comparison.
agreement with XRD results, and (ii) part of Co atoms do not participate to215
the metallic phase, remaining oxidized likely in proximity to the particle surface,
where the interaction with O atoms is favored. The Co-Co coordination dis-
tance is 2.45 A˚ for the as-deposited particle layer and 2.50-2.54 A˚ for the other
cases (Table S1), to be compared with the 2.51 A˚ of metallic Co and ≈2.4 A˚ of
Co2B (see Table S1). The short coordination distance in the as-deposited par-220
ticle layer suggests that a fraction of cobalt boride is present, also in agreement
with XRD results. The presence of small Co clusters could also contribute to
lower both the coordination number and the coordination distance of the metal-
lic shell. About the Co-O coordination, in the particle layer the Co-O distance
increases significantly (of ≈ 10%, see Table S1) from the as-deposited to the225
1h-annealed particle layer, where it is compatible to the one of Co2+ in octa-
hedral sites of CoO. For longer annealing times it becomes comparable to the
one in the corresponding full layer and in Co3O4. This suggests that a strong
structural modification of the oxide shell occurs in the particle layers, induced
by 1-2 h air annealing. Besides the Co-O and Co-Co contributions discussed,230
it is worth noting the absence of any signal from medium range order in the
as-deposited full layer and particle layer, showing that the as-deposited material
is mostly amorphous.
To shed light on the structural and chemical modification induced by annealing
in the Co-O-B PLD deposited layers, it is useful to compare the obtained in-235
formation of the Co site with the XANES analysis for (i) a deposition, labeled
’Co-O layer’, produced in the same conditions but without B (i.e., the PLD
target used for the deposition was pure Co) and (ii) a PLD deposition, labeled
’Co layer’ from a pure Co target in vacuum. The XANES spectra for the dif-
ferent layers are reported in Figure 7 and compared to the reference spectra of240
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the relevant Co oxide phases. The spectrum of the as-deposited Co-O layer is
identical to the one of Co3O4, indicating that already in the deposition proce-
dure Co is fully oxidized in the stable form of Co3O4. As expected, the XANES
spectrum remains the same after air annealing (not shown), indicating that he-
ating does not produce any relevant change on the Co site. Correspondingly,245
no urchin-like structure formed [24]. If the Co PLD deposition is carried out
in vacuum (Co layer), the obtained spectrum of the as-deposited layer is close
to the one of metallic Co, indicating that the most part of Co forms a metallic
phase. Anyway, after 2 h annealing the XANES spectrum is identical to the one
of Co3O4, proving that Co is completely oxidized. Also in this case the SEM250
analysis (not shown) excluded the presence of sea-urchin like structures.
4. Discussion
We have recently reported on the highly efficient catalytic activity of Co3O4
urchin-like nanostructures, formed by PLD of Co-O-B layers upon heating in
air [4]. The structural results presented here allow to shed light on the urchin255
formation mechanism.
The first observation is that urchin-like particles form upon air annealing only
when the PLD layer contains B. In fact, PLD deposited layers obtained from
a pure Co target in either vacuum or oxygen atmosphere do not exhibit any
needle growth when heated at the same temperature [24]. This indicates a re-260
levant role of B in the formation process of hierarchical nanostructures.
The XANES results (Figure 7) indicate that if B is not present in the deposition
target (Co-O deposition) the deposited layer is fully formed of stable Co3O4,
that is not expected to evolve during the annealing performed here. At vari-
ance to that, the oxidation state of Co in a Co-O-B as-deposited layer is 2+,265
while a minor part of Co form metallic and boride phases. This more modest
oxidation of Co in presence of B can be understood considering that B acts
as an oxygen getter [25]. In fact, the formation of B-oxides is largely favored
with respect to Co oxidation (the bulk enthalpy of formation of B2O3 is -1272
kJ/mol, to be compared with -238 kJ/mol for CoO and -910 kJ/mol for Co3O4).270
It is also known that boron and boron compounds are usually added to carbon
composites to inhibit carbon oxidation at high temperature [26]. So, the effect
of B addition in the deposition process is to limit the oxidation of Co and the
formation of stable Co-oxide phases.
In some cases the growth of nano-needles forming urchin-like nanostructures of275
transition metal oxides (α-Fe2O3) has been explained as a selective directional
growth via inter-diffusion of oxygen and metal atoms from the metallic core of
the particle [9]. Anyway, for the system under investigation the needle growth
cannot be likely ascribed to a diffusion mechanism alone, but the additional
chemical effect of B during annealing has likely to be considered. Indeed, in280
the layer prepared by simple PLD of Co (Co-layer), where a Co-oxide shell cer-
tainly covers the metallic particle, the air annealing rapidly promotes the full
layer oxidation (Figure 7) without the growth of nano-needles. This indicates
that the oxygen diffusion through a pure Co-oxide shell towards the metallic
11
core is much faster than the outdiffusion of Co from the core so that, in the285
annealing condition used here, the diffusion process alone does not promote the
growth of needles.
The results of XRD and EXAFS analyses show that the as-deposited Co-O-B
layer is largely amorphous. As remarked, the average oxidation state of Co is
2+ (XANES results) and a minor fraction of metallic Co and Co boride exist290
(EXAFS, XANES, XRD results), mostly confined in the spheroidal particles
(EXAFS and XANES results on the full layers and particle layers). In the par-
ticle layer a fraction of Co (and B) amorphous oxide is present and the short
range order of oxidized Co is limited to the first Co-O shell, in agreement with
the picture of a Co-oxide (or mix Co-B-oxide) phase surrounding the metallic295
core. This has been also previously suggested by TEM analysis [4]. The an-
nealing promotes relevant structural modifications, in particular in the particle
layer. In the first part (≈ 2 h) of air annealing, a Co partial chemical reduction
is induced, especially evident in the particle layer, where Co fcc coexists with a
lower fraction of oxidized amorphous Co. This chemical reduction is certainly300
induced by the oxidation of B, likely occurring close to the particle surface,
where the interaction with O is favored. As remarked above, B acts as a getter
of the oxygen atoms initially bonded to Co in the layer, as well as of oxygen
atoms from the annealing atmosphere. This oxidation induces a decoupling of
Co and B from Co-boride (as-deposited layer) towards separate metallic Co and305
likely amorphous boron oxide (2 h-annealed layer). Not only the particle core,
but also the oxide shell modifies during the first annealing step, as underlined
by the modification of the Co-O distance in the particle layer after 1 h annealing
(EXAFS results, Supplementary Material). The role of B during annealing is
twofold. First, acting as a O getter, it limits oxygen diffusion into the particle310
core. Second, it promotes the chemical reduction of Co to the metallic phase.
Then, the Co oxidation proceeds and the formation of Co3O4 nanoneedles is
observed. About this, it is known that Co atoms in bulk Co can outdiffuse
through the surface oxide layer at a temperature as low as 450 ◦C[27]. Oxida-
tion of bulk Co in oxygen-rich atmosphere at moderate temperature (i.e. below315
700 ◦C) proceeds via Co outdiffusion, that is promoted by a gradient of cation
vacancy in the oxide layer between the sample surface (where the Co3O4 phase
is formed) and the metal interface (i.e., with higher vacancy concentration at
the sample surface) [27, 28, 29]. In the present nanostructured system, Co out-
diffusion is likely not homogeneous on the particle surface, being favored by320
fast-diffusion channel in the defective Co-O-B shell, possibly formed by stress
release due to the different thermal expansion coefficient of the metallic core and
the oxide shell [4]. Then Co atoms that reach the particle surface oxidize. The
formation of Co3O4 nanoneedles likely occurs via the progressive growth of the
Co3O4 crystalline embryo feeded by the outdiffusing Co atoms. Moreover, with325
respect to the bulk case, the nanostructured character of the present system
is expected to favor the diffusion of oxygen from the atmosphere through the
layer. In this framework, as remarked above, the chemical role of B is crucial,
allowing the outdiffusion of Co from the particle core to be temporary favored
with respect to the diffusion of O towards the particle core. The diffusion of330
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Figure 8: (Color online) Sketch of the structural evolution of Co-O-B deposited layers upon
air annealing at 500 ◦C.
the species through the Co-O-B shell is then driven by coupled thermal and
chemical effects.
The experimental results obtained suggests that the needle growth occurs from
the Co outdiffusion and oxidation of a metallic reservoir. As noted above, the
growth of nano-needles does not occur on the layer beneath the particles. This335
is likely due to the fact that the fraction of metallic Co in the layer underneath
the particles is very low. Moreover, the medium range order of Co3O4 in the
full layer is induced already after 2 h annealing (see Table S1). This indicates
that the layer conformation and porosity favor a fast oxidation of Co, that pre-
vents the formation of Co-oxide nano-needles by Co outdiffusion. In Figure 8 a340
sketch of structural modification induced by air annealing on Co-O-B layers is
reported, summarizing the considerations above.
5. Conclusions
The growth mechanism of Co3O4 sea urchin-like nanostructures starting345
from Co-O-B layers deposited by PLD has been investigated by X-ray absorp-
tion spectroscopy, X-ray diffraction and scanning electron microscopy. After the
structural characterization of the full layer annealed for different time intervals,
the particles that constitute the urchin embryos have been peeled off from the
substrate by embedding them in a polymer and then investigated separately.350
Before any annealing, the particles are formed of (amorphous) Co oxide, with a
fraction of metallic Co and Co-boride. It has been demonstrated that B atoms
13
partially inhibit Co oxidation during the deposition process. In the first steps of
air annealing, B induces a partial Co chemical reduction, especially evident in
the particles, where a metallic core (Co fcc) is surrounded by an Co-O-B oxide355
shell. After 2 h heating Co oxidation proceeds and Co atoms outdiffuse from the
Co fcc particle core likely through fast diffusion channel present in the shell and
form Co3O4 nano-needles. The growth of nano-needles from the layer beneath
the particles is prevented by a faster Co oxidation and a minimum fraction of
metallic Co. This investigation shows how diffusion mechanisms and chemical360
effects can be effectively coupled to obtain hierarchical structures of transition
metal oxides.
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